It was previously reported that transcription of the Rhizobium meliloti trpE(G) gene starts at the adenine residue of the AUG codon of the leader peptide coding sequence (trpL), suggesting that translation of the trpL sequence starts without the Shine-Dalgarno sequence. We constructed mutations replacing the AUG codon of the trpL sequence with AAG or ACG. These mutations reduced the expression of a trpL'-'lacZ fusion gene to 0.1 and 0.2% of the wild-type level, respectively, indicating that the AUG codon is the translation initiation codon for the trpL coding sequence. In addition, these mutations, as well as a mutation converting the eighth codon (UCG) of the trpL sequence to UGA, abolished regulation by attenuation when introduced upstream of the tandem tryptophan codons in a trpE'-'lacZ fusion. Mutations affecting the stability of the probable antiterminator and terminator secondary structures in trpL mRNA were also constructed. Studies using these mutations indicate that the attenuator of R. meliloti functions in a way analogous to that of the Escherichia coli trp attenuator.
In Escherichia coli and many other enteric bacteria, the genes necessary for the biosynthesis of the amino acid tryptophan are clustered in an operon, and this operon is regulated transcriptionally by both repression and attenuation (30) (31) (32) . The combination of repression and attenuation results in regulation over a range of about 600-fold, with repression regulating up to 70-fold and attenuation regulating about 8-to 10-fold (30) . However, this kind of dual control is not the case for Rhizobium meliloti (1) . R. meliloti has tryptophan biosynthetic genes in three clusters on its chromosome (2, 4, 7) . Only one of these genes [trpE(G)] is regulated solely by attenuation, while the others are not regulated.
In E. coli, repression of transcription initiation occurs by binding of the tryptophan-activated repressor to the trp operator, which overlaps the trp promoter (30) . Attenuation, however, controls termination of the mRNA in the leader region through the formation of mutually exclusive stemloop structures (30, 32) . One of the most common features of the bacterial trp attenuator is the presence of a short leader peptide coding sequence (trpL) which contains two or three tandem tryptophan codons (31, 32) , although exceptions have been found (10, 23) . A deficiency of the amino acid tryptophan increases the ratio of uncharged to charged tRNATrP. If uncharged tRNATrP enters into the ribosome translating the trpL coding sequence at the tandem tryptophan codons, the ribosome stalls (30) . The stalled ribosome masks region 1 of the 1:2 stem, allowing formation of the 2:3 stem (antiterminator) ( Fig. 1) (30, 31) . When there is excess tryptophan, charged tRNATrP is abundant, and the ribosome translating the trpL coding sequence reaches the leader peptide stop codon without stalling on the tandem tryptophan codons (30, 31) . The ribosome on the leader peptide stop codon prevents formation of the 2:3 stem by masking region 2, and this in turn facilitates formation of the 3:4 stem structure (terminator), which along with the follow- ing stretch of U's serves as a rho-independent transcription terminator (30, 31) . Therefore, formation of the alternative stem-loop structures and translation of the trpL sequence by a ribosome, which is following RNA polymerase closely, is crucial for the function of the attenuator.
In R. meliloti, the trp genes are clustered at three different chromosomal locations; trpE(G), trpDC, and trpFBA (2, 4, 7). Of these three clusters, only the trpE(G) gene seems to be regulated in response to tryptophan (2, 6). Bae et al. (2) reported the presence of attenuatorlike structures in the leader region of the R. meliloti trpE(G) gene from DNA sequencing data. It was also shown that the R. meliloti trpE(G) gene is regulated solely by attenuation in response to tryptophan (1) . In this report, we examine the significance of the previously postulated secondary structures and the leader peptide coding region (trpL) in R. meliloti by introducing mutations in the trpL coding sequence, the 2:3 stem, and the 3:4 stem.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. The bacterial strains and plasmids used in this study are listed in Table 1 . The complete medium was TY medium (3) for Rhizobium strains and Luria broth (21) or 2 x YT medium (14) for E. coli strains. M9 medium (15) was used as the minimal medium for Rhizobium strains. The antibiotics used were streptomycin (800 ,ug/ml), tetracycline (5 ,ug/ml), and cycloheximide (25 ,g/ml).
In vitro site-directed mutagenesis. Site-directed mutagenesis using synthetic oligonucleotides was done as described previously (5, 9) . For mutagenesis of the trpL'-'lacZ fusion, we cloned the 380-bp BamHI-PstI fragment of pYB49 into the BamHI-PstI sites of phage M13mpl9 replicative form. For the mutagenesis of the trpE'-'lacZ fusion, we cloned a 569-bp BamHI-PstI fragment of pYB56 into the BamHI-PstI sites of phage M13mpl9. A series of mutations were then introduced into the leader sequences by site-directed mutagenesis (see Fig. 3 ). All the mutations were confirmed by DNA sequencing (22) . The mutagenized fragments were then cloned back into pYB49 BamHI-PstI sites and used to transform E. coli S17-1. The mutagenized plasmids were then transferred to R. meliloti YB41 by biparental conjugation as described previously (1) .
DNA manipulations. Subcloning experiments were done by using the low-melting-temperature agarose method of Struhl (27) as modified by Bae et al. (2) .
Construction of plasmids pYB49, pYB56, and pYB76. Plasmid pYB49 was constructed from plasmid pYB40 (Fig. 2) . Plasmid pYB49 carries an in-frame fusion of the 8th codon (UCG, encoding serine) of the trpL sequence to the 10th codon of lacZ (GUC, encoding valine) with the connecting sequence of GGGGATCCC between them. Plasmid pYB56 was constructed from plasmids pYB49 and pEG220 (Fig. 2) . This plasmid carries an in-frame fusion of the 99th codon of the trpE(G) gene (GAT, encoding aspartic acid) to the 10th codon of the lacZ gene with the connecting sequence of CCC between them. Plasmid pYB76 was constructed from pYB56 by deleting the 569-bp BamHI-PstI fragment, making both ends blunt, and ligating the two ends (Fig. 2) 10 ,000 x g for 10 min. The cells were washed once with a solution of 100 mM Tris-HCl (pH 7.3) and 10 mM EDTA and resuspended in 10 ml of the same solution. The cells were then broken by sonication, and the cell debris was removed by centrifugation at 15 ,000 x g for 15 min. Solid ammonium sulfate was
Locations of the mutations in the attenuator and the predicted 1:2 stem structures of the L49C and L49T mutations. (A) The initiator AUG codon, the eighth codon of the trpL sequence, and the UGA termination codon of trpL are underlined. The 2:3 and 3:4 stem structures are also shown. (B) The predicted 1:2 stem structures of the wild type and of the L49C and L49T mutations. Only the top parts of the 1:2 stem are shown because the rest of the structures are predicted to be identical. See Table 2 for the free energies of these structures.
added to the supematant to 35% saturation, and the mixture was centrifuged at 15,000 x g for 15 min. The supernatant was discarded, and the pellet was resuspended in the same solution used above at about 20 mg of total protein per ml. The protein solution was diluted with 50 mM Tris-HCl (pH 7.3) to about 4 mg/ml just before loading onto the ProtoSorb lacZ immunoaffinity absorbent column (Promega Corp., Madison, Wis.). The column was washed with 15 ml of a solution of 50 mM Tris-HCl (pH 7.3) and 0.2% Nonidet P-40, and the fusion protein was eluted with two successive 1-ml aliquots of the elution buffer (0.1 M NaHCO3-Na2CO3, pH 10.8). The eluted protein was dialyzed against 4 liters of distilled water for 24 h and was concentrated by freezedrying.
Ten micrograms of the protein was loaded on a 6% sodium dodecyl sulfate-polyacrylamide gel by the method of Laemmli (12) , and electrophoresis was continued until the bromophenol blue dye just ran off the gel. The fusion protein was then transferred to a polyvinylidene difluoride membrane as described by Matsudaira (13) . The N-terminal amino acid sequence was determined by the Protein Structure Facility at the University of Iowa.
RESULTS
Modification of the fusion plasmids. Previously we constructed plasmids pYB27 and pYB40 carrying trpE'-'lacZ and trpL'-'lacZ fusions, respectively, to measure trpE and trpL expression in R. meliloti strains (1). These plasmids, however, do not have convenient restriction enzyme cleavage sites for frequent subcloning experiments. Therefore, we constructed plasmids pYB49 and pYB56 (Fig. 2) . Plasmids pYB49 and pYB56 carry trpL'-'lacZ and trpE'-'lacZ fusions, respectively, and both have unique BamHI control from pYB56 and does not carry trp sequences (Fig.   2 ).
Construction of the mutants. It was previously reported that the trpL codi'ng sequence of the R. meliloti trpE(G) attenuator lacks the Shine-Dalgarno sequence, since an Si nuclease mapping analysis showed that transcription of the trpE(G) gene starts at the adenine residue of the AUG codon of the trpL coding sequence (2) . In E. coli, this kind of transcript is very rare and its translation is very poor. The transcript of the cI gene from the bacteriophage lambda pRM promoter lacks the Shine-Dalgarno sequence and is translated very poorly (16) . However, the P-galactosidase activities of R. meliloti strains carrying the trpL'-'lacZ fusion were consistently higher than 1,200 U, regardless of the tryptophan concentrations in the growth medium, indicating that the trpL sequence is translated in R. meliloti (1) . These facts and earlier results demonstrating that attenuation is the sole mechanism of regulation for the R. meliloti trpE(G) gene (1) raised the following questions. First, is the AUG codon at the beginning of the mRNA the real translational start codon, or is another codon used for translation initiation of trpL? Second, is translation of trpL mRNA necessary for regulation at the trpE(G) attenuator? Finally, are the secondary structures in the leader' sequence mRNA involved in regulation at the attenuator?
To answer these questions, we used site-directed mutagenesis to introduce mutations in trpL. To' test whether the AUG codon at the beginning of the mRNA is 'the real translational start codon, mutations were introduced in the AUG codon of the trpL'-'lacZ fusion, converting AUG 'to either AAG or ACG by oligonucleotide-directed mutagenesis (Materials and Methods) (Fig. 3) . To determine whether transiation of the trpL mRNA and secondary structures in the leader mRNA are involved in regulation at the trpE(G) attenuator, mutations were introduced into the leader sequence of the trpE'-'lacZ fusion. The AUG codon of the trpL sequence was converted to AAG or ACG, a serine codon (UCG) in the trpL sequence was changed to a UGA stop codon (L23G-24A), a guanine residue of region 2 was changed to either C (L49C) or T (L49T), and a guanine residue in region 4 was changed to C (L104C) (Fig. 3 ). All these mutagenized fragments were cloned back into plasmid pYB49 and transferred back into R. meliloti YB41 by biparental conjugation (1).
Effects of the mutations on the calculated stability of the secondary structures in tipL mRNA. We calculated the predicted free energy of each stem-loop structure in the attenuator of the wild-type and mutagenized plasmids using the computer program of Zuker and Stiegler (33) ( Table 2 ). Only slight changes in the free energy occurred in the 1:2 stem as a result of the L23G-24A and L49C mutations. The mutation L23G-24A increased the stability of the 1:2 stem slightly without affecting the other stems. Both L49C and L49T destabilized the 1:2 stem slightly. The minor difference in the stability between the L49C and L49T mutants is likely due to the formation of the different structures. The wild-type attenuator has a G at position 49, which pairs w'ith the C at position 40 in region 1. For mutations L49C and L49T, the computer program of Zuker and Stiegler predicted that alternate 1:2 structures would form (Fig. 3B ). In these new structures, L49T does not pair with a base in region 1 to form hydrogen bonds and it remains in a bulge. However, L49C pairs with the G at position 35 in region 1,' making the 1:2 stem containing L49C more stable than the 1:2 stem containing L49T. No changes were found in the stability 'of the 1:2 stem for L2A, L2C, or L104C. L49C or L49T, however, reduced the stability of the 2:3 stem significantly without affecting the 3:4 stem. The L104C mutation had no effect on the 2:3 stem but reduced the stability of the 3:4 stem significantly.
Effects of the mutations on trpL'-'lacZ and tqpE'-'lacZ expression. R. meliloti YB41 carrying plasmid pYB49 or pYB56 or mutagenized plasmids was grown in M9 minimal medium under both tryptophan starvation and excess conditions, and ,B-galactos'idase levels were measured. The mutations in the trpL AUG codon (L2A and L2C) nearly abolished translation of the mRNA of the trpL'-'lacZ fusion gene' (Table 3) under both tryptophan starvation and excess conditions. After subtraction of the P-galacto'sidase activity of the negative control, the L2A mutation resulted in 520-and 440-fold-lower '3-galactosidase levels under tryptophan starvation and excess con'ditions, respectively. Similarly, the L2C mutation resulted in 890-and 640-fold-lower a-galactosidase levels under tryptophan starvation and excess conditions, respectively. The wild-type attenuator regulated expression of the trpE'-'lacZ fusions about 6.2-fold under tryptophan starvation and excess conditions (Table 4) .' Mutations L2A and L2C nearly abolished translation initiation of the trpL coding sequence (Table 3 ) and also nearly abolished regulation' by the attenuator (Table 4) . The L2C mutation, however, resulted in higher P-galactosidase levels than the L2A mutation, approaching wild-type levels under the excess tryptophan condition. A possible explanation for this will be discussed below (see Discussion). Mutation L23G-24A generates a stop codon (UGA) preceding the tandem tryptophan codons in the trpL sequence. This mutation resulted in P-galactosidase levels similar to the levels observed for the L2A mutation. Both the L49C and L49T mutations reduced the overall expression of the trpE'-'lacZ fusion. However, these mutations did not totally abolish regulation but reduced attenuation to a narrower range (3.2-and' 2.3-fold, respectively) than the wild type. The L104C mutation resulted in a complete loss of regulation, showing significantly a The enzyme levels obtained under tryptophan starvation conditions were corrected for the effect of insufficient translation. ,B-Galactosidase levels of the trpL'-'lacZ fusion were 1.6-fold higher under excess tryptophan conditions (Table 3) . Therefore, enzyme levels obtained under tryptophan starvation conditions were multiplied by 1.6.
b The relative activities (percent) are shown in parentheses.
higher levels of expression of the fusion gene under excess tryptophan conditions. Analysis of the TrpL-LacZ fusion protein. We purified the TrpL-LacZ fusion protein from R. meliloti YB52 carrying the trpL'-'lacZ fusion gene on plasmid pYB49, and its N-terminal amino acid sequence was determined (see Materials and Methods). The sequence of the first 13 amino acids of the fusion protein was Ala-Asn-Thr-Gln-Asn-Ile-Ser-GlyAsp-Pro-Val-Val-Leu. Therefore, the first seven amino acids of the fusion protein match perfectly with the N terminus of the predicted TrpL amino acid sequence (the first eight amino acids of the predicted sequence of the N terminus of TrpL are Met-Ala-Asn-Thr-Gln-Asn-Ile-Ser [2] ). The methionine at the N terminus was apparently removed. The next three amino acids determined (Gly-Asp-Pro) are encoded by the connecting sequence of GGGGATCCC which was inserted during construction of the plasmid. The last three amino acids determined (Val-Val-Leu) match with the 10th, 11th, and 12th codons of the lacZ coding sequence.
DISCUSSION
Most procaryotic genes that have been sequenced have two discernible elements for translation initiation, the ShineDalgarno sequence and the initiation codon (24) . AUG is the most preferred initiation codon, although GUG and UUG are used infrequently (17) . In R. meliloti, transcription of the trpE(G) gene begins at the adenine residue of the AUG codon of the leader peptide coding sequence (2) . In this study, we have shown that this AUG codon is the translation initiation codon of the R. meliloti trpL coding sequence. Mutations converting this AUG codon to AAG or ACG essentially abolished translation of a trpL'-'lacZ fusion (Table 3), and amino acid sequencing data of the TrpL-LacZ fusion protein support this conclusion.
The cell's ability to recognize the levels of charged and uncharged tRNATrP by the translating ribosome in the trpL coding sequence is necessary for proper function of the attenuator (30) (31) (32) (Table 3) . Mutation L23G-24A changed the eighth codon (serine) of the trpL sequence to a UGA codon that should result in premature translation termination. The L2A and L23G-24A mutations reduced trpE'-'lacZ expression regardless of the tryptophan concentrations and prevented relief of transcription termination under tryptophan starvation conditions (Table 4 ). This suggests that translation of the trpL sequence beyond the seventh codon is required to relieve transcription termination in R. meliloti and that translation of the trpL coding sequence is required in order to respond to conditions that signal relief of transcription termination.
One unexpected result is that the L2C mutant has about fourfold-higher ,-galactosidase levels than the L2A mutant, despite the fact that both mutations are located at the same position (Table 4 ). Many potential stem-loop structures could form in the region upstream of the 1:2 stem (33). The L2C (ACG) transcript folds more stably than the L2A (AAG) transcript in many of these potential secondary structures (data not shown). These potential secondary structures could compete with formation of the 1:2 stem, because there is no ribosome translating this region for the L2A and L2C mutations. Therefore, the formation of the 2:3 stem (antiterminator) would be favored for the L2C transcript compared with the L2A transcript, which in turn would increase read-through transcription into the trpE(G) gene.
The role of the 2:3 stem is to cause tryptophan starvationinduced transcription read-through (18) (19) (20) . Roesser et al. (20) proposed that the basal level of expression would depend on the rate of ribosome dissociation at the trpL stop codon and the timing of segment 4 synthesis. Although there is no direct evidence demonstrating the formation of the 2:3 stem during transcription of the R. meliloti trp leader region, several lines of evidence indicate the formation of the 2:3 stem during transcription of E. coli trpL mRNA (11, 20) . The results in Table 2 for L49C and L49T, which destabilize the 2:3 stem, support a similar role in R. meliloti.
Previously, Bae and Crawford (1) showed that the mRNA level of the trp leader region in R. meliloti is constant, regardless of the tryptophan concentration. However, the ,-galactosidase levels in a strain carrying the trpL'-'lacZ fusion were lower under tryptophan-starved conditions than under excess tryptophan conditions. It was suggested that this phenomenon is due either to insufficient translation or to rapid degradation of the fusion protein at low tryptophan concentrations, rather than decreased transcription under tryptophan starvation conditions (1) . The mutations L2A and L23G-24A reduced the basal level of expression by 4.5-and 4.1-fold, respectively. The mutations L49C and L49T destabilized the 2:3 stem, changing the predicted AG value from -21.5 to -13.6 kcal/mol (Table 2 ). These mutations reduced the basal level of expression by 2.8-and 2.1-fold, respectively (Table 4) , and increased transcription termination during tryptophan starvation but did not completely abolish read-through into the structural genes. These data suggest that mutations L49C and L49T destabilize the 2:3 stem without eliminating its formation, favoring formation of The mutation L104C destabilizes the 3:4 stem, changing the predicted AG value of the stem from -23.4 to -15.9 kcal/mol ( Table 2 ). In the presence of excess tryptophan, relief of transcription termination by L104C is prominent (Table 4) , and P-galactosidase levels increased 7.8-fold. This is in good agreement with the trpL153 and trpL154 mutations in E. coli (26) . These mutations destabilized the 3:4 stem of E. coli trp attenuator (AG change is from -20.1 to -9.0 kcal/mol) and had 3.8-fold-higher levels of transcription of a downstream gene. During tryptophan starvation, little effect by the L104C mutation is seen in R. meliloti (Table 4) .
In E. coli, the methionine at the N terminus of many proteins is removed. It has not been shown that this is also the case for the R. meliloti TrpL polypeptide. Our data shows that the methionine at the N terminus of the TrpLLacZ fusion protein produced in R. meliloti is also removed, indicating that the methionine of the R. meliloti TrpL polypeptide is likely to be removed.
R. meliloti is only very distantly related to E. coli (28) . In agreement with this are the low similarities of the trpE and trpG sequences between these two bacterial species (2, 4) , the different arrangement of the trp genes on the chromosomes (2, 4, 7) , and the different regulation of the trp genes (attenuation only in R. meliloti and a combination of repression and attenuation in E. coli) (1, (30) (31) (32) . The data presented here indicate that, despite the distant relatedness of these two organisms, the R. meliloti trpE(G) attenuator functions in a way very similar to that of the E. coli trp attenuator.
